OLICHOL is a long chain polyisoprenoid containing from 16 to 23 isoprene units, which may be in the form of a free alcohol or phosphorylated or esterified with a fatty acid. Knowledge of the metabolism, structural role, and function of dolichol are quite limited. Dolichols are found in all eukariotic organisms (1-3) and are broadly distributed in all tissues and cellular membranes (2,3). Leloir (4) showed that the phosphorylated form of dolichol is involved in the attachment of carbohydrate chains to proteins in the formation of N-linked glycoproteins. The ubiquitous distribution of dolichol and evidence that its phosphorylated form is required for embryonic development suggest that dolichol is an essential component of animal tissues (5). Dolichols exert a considerable influence on the organization and packing of phospholipids in model membranes, elicit the formation of inverted micelles, and enhance vesicle fusion in a concentration-dependent manner (6,7) and can affect a number of membrane characteristics (fluidity, permeability, fusion capacity, and modulation of membrane-associated protein activities) (8), including sensitivity to oxidative stress (9). In the gerontological perspective, it may be mentioned that enrichment of membranes of younger rats with dolichol decreases the binding of ligands by elevating K A values without affecting the number of binding sites, a quite common finding in aging (10). Dolichols are present in significantly different amounts in the different tissues (5). The levels of dolichol in human tissues obtained at autopsy are in some cases 10 times higher than in the corresponding tissues from animals (5). The dolichol in tissues probably derives from biosynthesis in those tissues (5). Dolichol is synthesized by the common isoprenoid pathway from acetate via mevalonate and farnesyl pyrophosphate, and rate of synthesis is slow compared with that of cholesterol (5,11). It was shown in the rat that dolichol is poorly absorbed from the intestine (12), is present in small amounts in serum, largely in high density lipoproteins (HDLs) (13, 14) , and is unlikely to be exchanged between tissues (15). Dolichol has a very low rate of catabolism and (or) excretion (5).
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Dolichol is present at a very low level in tissues during the early postnatal period, but it increases rapidly with proliferation (16) and differentiation (17) . Studies on humans (18) (19) (20) (21) (22) , mice (23) (24) (25) (26) , and Drosophila melanogaster (27) have shown that dolichol accumulates in tissues during aging. In the rat, significant age-related changes in dolichol are reported during growth (28) , in the adult (19, 28) , and in mature age (19, (29) (30) (31) .
In this study we explored the age-dependent changes of the liver dolichol content in the Sprague-Dawley rat either fed ad libitum (AL) or subjected to two different types of anti-aging diet restriction [namely: 40% food restriction (DR) and every-other-day ad libitum feeding (EOD)] that have different effects on metabolism (32) and similar effects on longevity (33, 34) . In addition, a parallel study was made of the age-dependent accumulation of carbonyl in liver proteins, a proposed biomarker of aging (35) and of the age-dependent changes in liver autophagy and proteolysis, the liver function regulating protein breakdown and cell membrane turnover (36) . Liver autophagy is under a receptor-mediated control by amino acid (37) and can be an essential step in the anti-aging mechanism of diet restriction (38) .
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MATERIALS AND METHODS
Animals
Random groups of male 2-month-old Sprague-Dawley albino rats were maintained on standard laboratory food AL or on DR or EOD regimens. Food was withdrawn 16 h before experimentation. Rats had free access to water. At the given age, the animals were anaesthetized by the intraperitoneal injection of pentobarbital (50 mg/kg body weight) and a blood sample and the posterior lobule of the right liver lobe were taken; then the liver was perfused to isolate liver cells (see below). Table 1 shows the body weights of the used animals and liver weights per unit of body weight in rats from our colony.
Extraction and High-Pressure Liquid Chromatography (HPLC) Assay ofDolichol
Minced liver tissue (0.5g) from the posterior lobule of the right lobe was mixed with 0.5 ml 0.25% pyrogallol in methanol and 0.5 ml 60% KOH. Hydrolysis was performed in a water bath at 100°C for 30 min; the mixture was extracted twice with diethyl ethenpetroleum ether (D-P, 1:1). The pooled extracts were washed with methanol:water (1:1) and dried under nitrogen. Reversed-phase HPLC was carried out on a Perkin Elmer (Norwalk, CT) equipped with an ODS-Cis column (5 urn, 4.6 X 150 mm) and precolumn (5 |jm, 4.6 X 50 mm) wavelength of 210 nm. Isoprenoids were eluted with a modification of the method of Maltese et al. (39) at 1 ml/min with a linear gradient of 20% (v/v) isopropyl-alcohol in methanol over 20 min, followed by isocratic elution with 80% isopropyl alcohol in methanol for 15 min. The sensitivity of the method allowed us to measure at least 1.7 ng total dolichol. A calibration curve of total peak height against quantity (ng) injected was linear in the 1.7-1000 range. Both cholesterol and dolichol were measured. Recovery was determinated by internal standard (dolichol 22) addition to samples (16, 17) and was -95%. Data are given as ug/total cholesterol and as jug/total dolichol/g wet tissue.
Extraction and Assay of Oxidized Protein
Minced liver tissue (0.15-0.20g) was extracted and carbonyl content was assayed as described by Reznick and Parker (40) .
Isolation and Incubation of Hepatocytes
Liver parenchymal cells were isolated by the collagenase method of Seglen (41) . Cell viability was tested by trypan blue exclusion and was always better than 90%. Hepatocytes were suspended (3.0 ml, 1.5 X lOVml) in Krebs Ringer bicarbonate buffer and incubated in four rows Of water-jacketed 10-ml conical flasks enclosed within a Lucite box attached to a Dubnoff apparatus with shaking. Flask temperature was maintained at 37°C by means of a constant-temperature recirculating water bath; optimal gas exchange was achieved by continuous flow of humidified 95% O 2 /5% CO 2 at 4 L/min through the box.
The hepatocytes were incubated under the foregoing conditions for 50 min. Mixtures of plasma amino acids wefe added as multiples of a standard reference mixture that simulated normal concentrations of amino acids in rat plasma (42) . After 30 min, cycloheximide (10 uM) was added to inhibit protein synthesis, and 0.35 ml samples of the hepatocyte suspension were taken at 37 and 47 min. The latter were deproteinized in ice-cold perchloric acid (6% final concentration).
Analytical Procedure
The acid-soluble supernatants were neutralized with KOH, and then amino acids were derivatized with dansyl chloride as described by Tapuhi et al. (43) . L-Norvaline wa$ added as an internal standard to all samples.
Amino acid separation was carried out on a 4.0 X 250 mm Bio-Sil ODS-5S column (particle size, 5 urn) in a Beckman (System Gold) HPLC system (Beckman Instruments, Fullerton and San Ramon, CA, respectively). The column was eluted with a linear gradient of eluants A and B, and amino acids were determined from the fluorescence of their dansylated derivatives (340 nm excitation, 540 nm emission).
Statistical Analysis
The analysis of variance (ANOVA) test was used to evaluate differences among multiple conditions. If positive, the Tukey r-test was employed to test for their statistical significance. Values of/? > .05 were considered to be not significant.
Materials
Dansyl chloride was obtained from Pierce (Pierce Europe, Beijerland, Netherlands). Amino acids, collagenase (type IV), and cycloheximide were obtained from Sigma (St. Louis, MO). All other reagents were of the highest quality commercially obtainable. Figure 1 shows a representative HPLC separation and assay of a lipid extract from the liver of a 2-month-old control rat. Peaks of cholesterol, ubiquinone, and dolichols are shown; the distribution of six dolichol homologues contain- Notes: Means ± SEM are given. AL = ad libitum, DR = 40% food restriction, EOD = every-other-day feeding ad libitum. Figure 1 . HPLC analysis of total dolichol from a 100 pi sample of which 10 ul were injected. Profile was obtained by monitoring the eluate at 210 nm. This extract was prepared from 500 mg of liver tissue taken from a 2-month-old male Sprague-Dawley rat as described in Materials and Methods. Similar profiles were obtained with lipid extracts from older tissue. of total dolichol in the liver tissue of rats fed ad libitum. The concentration of cholesterol in the liver tissue remains constant at all considered ages. The levels of cholesterol and dolichol in the liver of 2-and 8-month-old rats are very close to those reported by Kal6n et al. (19) and by Thelin et al. (29) . The levels of dolichol increase significantly after age 18 months and get to their maximum by age 24-27 months. The figure shows no significant age-associated changes in the concentration of cholesterol, but a moderate elevation was reported in 12-month-old rats (19) .
RESULTS
The chain length distribution of dolichol is maintained during dolichol accumulation [age 2 months, mean ± SD (number of cases, 11): dolichol 16 (D16), 2.1 ± 2.0; D17, 9.0 ± 0.9; D18, 34.0 ± 2.1; D19, 35.7 ± 1.0; D20, 13.9 ± 1.1; D21, 2.9 ± 1.8; and, for example, age 24 months (number of cases, 7): D16, 2.9 ±0.7; D17, 14.9 ±4.4; D18, 32.2 ± 9.0; D19, 33.8 ± 6.1; D20, 17.3 ± 2.6; D21, 4.1 ± 3.1]. Table 2 shows the levels of total cholesterol and dolichol in the liver tissue of 2-month-old and 24-month-old rats fed ad libitum and in 24-month-old rats subjected to diet restriction. No accumulation of dolichol in the liver above the levels of 2-month-old rats is seen in 24-month-old dietrestricted rats; the levels of liver cholesterol are not changed in the diet-restricted rats. Incidentally, preliminary data indicate that a significant increase in dolichol levels is seen in 27-month-old food-restricted rats (but values still are significantly lower than those in 27-month-old AL rats). The food restriction has no significant effect on the distribution of the dolichol homologues.
The age-related changes in the levels of carbonyl in the proteins from the same livers are shown in Figure 3 . Values are consistent with previous reports (40) . It appears that the levels of carbonyl in liver proteins begin to increase by age 24 months and that a significant increase is seen in the older age group only (i.e., in 27-month-old rats). Similar results were obtained on isolated liver cells using the same technique (44) . Anti-aging diet restrictions have no effect on the levels of carbonyl in liver proteins in 24-month-old rats and inhibit accumulation in 27-month-old rats. Figure 4 shows the percent effects of increasing age on the amino acid-mediated control of protein breakdown in liver cells. Values of basal (100%) release of valine by liver cells (incubated in vitro in the absence of any added amino acid) are given in the legend. Differences between 24-month-old rats and younger (2-and 18-month-old) controls and old diet-restricted rats are highly significant (p < .01, F test in all cases). The figure shows that the regulatory effect of added amino acids is impaired in older ad libitum-fed animals but not in food-restricted rats, which retain the juvenile response.
DISCUSSION
Previous work from many laboratories (2, 3, 5, 19, 29, 31) along with the present data indicate that the levels of dolichol exhibit a dramatic age-related increase in the rat liver tissue. An accumulation of dolichol during aging had been reported in many tissues and in different animal species, including humans (2, 3, 5, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) 30) , and may be a common feature of the universal process of aging. In the rat the pattern of dolichol homologues is unaffected by age, Figure 3 . Percent changes in the concentration of total dolichol (squares) (the original data are given in Figure 2 and Table 2 ) and of carbonyl in protein (triangles) from liver tissue of male Sprague-Dawley rats fed ad libitum (open symbols) or subjected to anti-aging diet restriction (being not significantly different, data on DR and EOD were set as closed symbols). Statistical analysis was calculated on the original values (ANOVA test): dolichol see Figure 2 and Table 2 ; carbonyl in liver proteins F = 136.49 and p < .001; a significant difference is observed between 27-month-old rats versus all other age groups (p < .01, Tukey test). The level of carbonyl in the liver protein from 2-month-old rats (100%) is 58.2 ± 6.82 nm carbonyl.
with the 19-isoprene component being the most abundant species, suggesting that the enzymes responsible of the elongation of dolichol chain, prenyltransferases, are not affected by aging. Pullarkat et al. (23) reported that in mice the distribution profile of dolicol is shorter than in rats (the major dolichols being the 18 and 19 isoprene units) and does not change with increasing age. As discussed by Rip et al. (2) and Carroll et al. (5) , attempts to demonstrate catabolism of dolichol have largely been unsuccessful. It was shown that the carbon backbone of dolichol is remarkably resistant to catabolism and that no oxidation or recycling of radioactive carbon from [ll4 C]-dolichol could be detected during a 5-month-long experiment (14) . Therefore, it was postulated that the accumulation of dolichol during aging should be attributed primarily to an age-dependent decrease in the rate of excretion (5, 29) .
This interesting hypothesis may deserve discussion in a broader perspective, as related to the general mechanisms of the process of aging and of the anti-aging effect of diet EOD) . The effect of age on basal proteolysis (no added amino acid) is not significant; the effect of diet (EOD) is p < .01. The inhibitory effect of the in vitro added amino acid on proteolysis is highly significant in all instances (p < .01). The interaction between the effects of age and the effects of amino acid is highly significant (p < .01). The interaction between the effects of type of feeding in vivo and the amino acid control of proteolysis in vitro is highly significant (p < .01). Statistical analysis (F-test) was performed on the original data.
restriction. It is known that (i) the fate of dolichol compound is to be excreted in the feces, with the urine contributing less than 5% of the total (45); (ii) dolichol is transported out of the hepatocyte to the bile (46); (Hi) extrahepatic sources must contribute to the level of the dolichol compounds excreted in the intestine (45); (iv) dolichol injected intraventricularly in the brain is slowly: distributed to the liver (47); (v) plasma dolichol is specifi-: cally associated with the lipoprotein fractions (13, 48) ; (vi) dolichol and cholesterol in lipoproteins can be taken up by the liver, accumulate in lysosomes, and appear in the bile (49); (vii) the rate of autophagy can dictate the rate of mem-brane degradation and influence the overall excretion of dolichol because undigested membrane remnants in liver lysosomes and autophagic vacuoles eventually are discharged in the bile (see ref. 38) [urinary dolichol may also originate from renal lysosomes (50)]; (viii) the physiological activation of liver macroautophagy, the function of liver lysosomes (51) , and the formation of bile (52) all decline with increasing age; and (ix) anti-aging dietary restriction activates the process of liver autophagy and retards the decline of these functions (51, 52) . In conclusion, caloric restriction might act by stimulating liver autophagy and by ameliorating maintenance (i.e., degradation and renewal) of biomembranes (38) . No age-related accumulation of the metabolically dolichol-related membrane compound cholesterol was observed in previous investigations in rats (19, 29) , and humans (19, 21 ; also see Keller and Nellis, 28) . The different behavior of dolichol and cholesterol may be a consequence of regulation of the mevalonate pathway at the level of the different branch-point enzymes active on farnesylpyrophosphate (11) . In addition, cholesterol has its own specific catabolic route eventually leading to excretion into bile (53) . An important future task will be to quantitate the amounts of dolichol excreted with the bile by younger and older rats fed ad libitum or on a restricted diet.
The beneficial effect of anti-aging diet restriction retarding the age-dependent accumulation of dolichol is a novel finding and deserves a more extensive and detailed investigation. The fact that two different regimens of restricted nutrition have similar effects on dolichol invites speculation that the age-related accumulation of dolichol may be intimately linked to the process of aging and might even be a primary event. Age-related changes in membrane characteristics have been reported (54-59) together with beneficial effects of diet restriction (60) . The present data on proteolysis in liver cells from ad libitum fed and foodrestricted rats exemplify an age-related alteration in a receptor-mediated signal process which is sensitive to the dietary intervention.
Accumulation of dolichol in liver tissue meets the primary criteria that should be absolutely satisfied for strict definition of a biomarker of aging (61) : the levels of dolichol may not increase in age-associated diseases like Alzheimer's disease (21); accumulation is retarded by dietary restriction, and the effects of the two different types of anti-aging intervention are similar. With regard to secondary criteria, accumulation of dolichol is not tissue-specific, is shared by various tissues with different replicative capacities, and is generalizable across species including humans (19) . Finally, because of the magnitude of the accumulation in several easily accessible tissues, accumulation of dolichol exhibits the features that are desirable in a biomarker of aging for practical use (61) .
The importance of dolichol changes compared to other widely accepted biomarkers of aging deserves discussion. It is well known that accumulation of different substances, including carbonyl in proteins of liver and Maillard-like fluorophors in collagen, can be used to monitor age-related failure in cell and tissue maintenance. In different groups of male Sprague-Dawley rats from our colony the relative Maillard-like fluorescence of skin and aortic collagen exibited an increase at least of 6-fold with an exponential pattern during aging, and diet restriction had minor barely significant effects (62) . Present data show that no accumulation of carbonyl in liver proteins occurs until age 24 months, and that a 76% accumulation sensitive to diet restriction occurs thereafter. However, carbonyls do not accumulate in the proteins of different rat tissues including kidney, heart, muscle, and pancreas (63) . Incidentally, the accumulation of carbonyl in liver proteins follows the agerelated decrease in liver autophagy/proteolysis and may be a secondary event (64) .
In conclusion, the levels of dolichol can be proposed as a novel biomarker because of the very large age-related increase and of the highly significant effects of anti-aging treatments. Age changes and anti-aging protection against dolichol accumulation are more evident compared to other biomarkers, e.g., carbonyl in liver proteins and Maillardlike fluorescence, in collagen. In view of the hydrophobicity of dolichol, accumulation should provide useful information on maintenance of membranes, hopefully relevant to membrane function and transmembrane signaling. It is worthwhile to mention that all the biomarkers of aging so far available (61)-e.g., accumulation of pentosidine in collagen (65), alkali-induced DNA unwinding rate (66) and accumulation of oxidized protein in the liver tissue (67)-provide a different set of information.
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